Carbon nanotubes possess outstanding properties such as high thermal conductivity, ultra-high physical strength, and durability. With regard to applications, a single-walled carbon nanotube (SWCNT) is a great candidate for a new material. Furthermore, a metal-coated SWCNT has been experimentally developed and its properties have attracted much attention. In this study, we simulated the deposition process of metal species onto an SWCNT to estimate its resulting physical strength and thermal diffusivity using a classical molecular dynamics method. Consequently, we found that the physical strength of the metal-coated SWCNT was similar to that of an uncoated SWCNT, whereas its thermal diffusivity showed a decrease of 90%.
Introduction
Originally, the structure of a carbon nanotube (1) was regarded as merely a unique carbon molecule or crystal. As research progressed, a single-walled carbon nanotube (SWCNT) (2) became one of the most attractive new materials, because of its outstanding physical properties (3) (4) (5) (6) (7) (8) . With regard to the applications of an SWCNT, its affinity for metal species is a key issue. First, a chemically associated SWCNT was reported (9, 10) . More recently, Duong et al. (11) experimentally attempted to deposit a metal on a vertically aligned SWCNT surface and then discussed the interactions. Zhang et al. (12) coated an isolated SWCNT with some metal species. Both of these papers indicated that the interaction between SWCNTs and metals affects the behavior of the deposition processes. Some metal species exhibit quite good affinity, but the others are deposited on the SWCNT surface to form granular structures. We simulated this phenomenon by using classical molecular dynamics, and the results showed good agreement with the experiments. However, the properties of a metal-coated SWCNT (i.e., a functionalized SWCNT) are among the most important pieces of information for engineering applications. In this study, therefore, we inferred the physical strength and thermal diffusivity of a functionalized SWCNT. We found that the physical strength of the metal-coated SWCNT was not so different from that of the uncoated SWCNT, whereas its thermal diffusivity showed a decrease of 90%.
Methodology

Deriving parameters for many-body potential function
The Brenner-Tersoff potential (13) was applied to the carbon-carbon interaction, and the classical many-body potential was applied to the metal-metal and carbon-metal interactions as a function of the bond number. With respect to the metal-metal potential function, the Finnis-Sinclair (FS) (14) potential is generally recognized as one of the most acceptable, especially for expressing fcc-bcc transitions. However, at present there is no promising function for the metal-carbon potential. Thus, as a last resort, the Lennard-Jones (LJ) potential is applied to express the metal-carbon interaction, even though the LJ potential was originally intended to express the monoatomic molecule behavior, and therefore, it cannot express the effect of the coordination number. Because the many-body potential is quite a reasonable choice to express the effect of the coordination number, we applied this potential to the metal-carbon interaction. Nevertheless, we had concerns about the mismatch between the depths of the potential functions when the FS potential was applied for the metal-metal interaction. Although the FS potential can express fcc-bcc transitions, the absolute potential depth has no affect on the transition, but only the relative depth affects the FS potential itself. Therefore, we also applied the many-body potential to the metal-carbon interaction. The parameter sets for the nickel-nickel, carbon-nickel, iron-iron, and carbon-iron interactions were based on the results of Shibuta and Maruyama (15) .
However, the parameter sets for the gold-gold, carbon-gold, titanium-titanium, and carbon-titanium interactions were obtained by density functional theory (DFT) calculations. Gaussian 03 and Becke's three-parameter exchange functional with the Lee-Yang-Parr correlation functional (B3LYP) (16, 17) were used in this study. Moreover, the Los Alamos effective core potential plus DZ (LANL2DZ) (18) was used as the basis set.
Because the method for deriving parameters was similar to that described in the abovementioned paper, the derived parameters are considered reliable and are explained here briefly. First, we assume that the symmetrical structure of Aux and AuCx clusters means that we need not take into account the Jahn-Teller (19) distortion to calculate their total energy. The binding energy is calculated by subtracting the isolated energies from the total Figure 1 shows the binding energies of gold-gold and carbon-gold, as derived from the DFT calculation and fitted by the following bond order potential functions: 
where r denotes the distance between two atoms; R V and A V are the Morse-type potential l (20) repulsion and attraction terms, respectively; S is the ratio of the effective repulsion and attraction terms; e R is the equilibrium bond length; e D is the potential Table 1 .
Expressing physical vapor deposition on vertically aligned SWCNT
The vertically aligned single-walled carbon nanotube (VA-SWCNT) surface is represented by a capped short carbon nanotube with a (5, 5) chirality, as shown in Fig. 2 . In this study, the calculated system consists of 6×6 units with dimensions of 60Å×52Å×60Å and whose configuration resembles the fcc lattice (111). Atoms interact with each other within their cut-off distances. The first layer is a fixed layer, whereas the second and third layers are temperature-controlling layers that maintain their temperature by velocity scaling. The system has periodic boundary conditions in each direction, and the velocity Verlet algorithm is employed. Assuming a realistic metal evaporation in a chamber, the physical vapor deposition (PVD) on a VA-SWCNT surface is modeled as successive collisions by M 13 clusters with small evaporation energy of 10.0 meV each. The kinetic energy is thus about ten times less than the translational energy of a molecule at 1000 K in order to avoid the formation of clusters during the deposition. This is because the density of metal clusters is much higher than under experimental conditions, which are difficult to simulate owing to the calculation cost. However, even in comparison with the experimental condition, the size of the M 13 clusters is reasonable. In this simulation, again owing to the calculation cost, the cluster size is maximized. The value was estimated from a PVD experiment, but further numerical experiments might be desirable. Each metal cluster is fully annealed above its melting point (Ni, 1400 K; Au, 1000 K) and set as shown in Fig. 3 . The VA-SWCNT is also annealed at 300 K. These temperatures are lower than the bulk melting point expressed by the bond order potentials; however, the M 13 cluster is very small, and therefore, its melting temperature is lower than that of the bulk (Ni, 1728 K; Au, 1338 K). Because the melting temperature of small clusters should be less than the bulk value, the potential parameters used in this simulation are correct in that sense. Nevertheless, application of the quantum molecular dynamics method is required to express the kinetics of the chemical reaction.
Metal coating
The dimensions of the calculated system are 60 Å × 100 Å × 100 Å, and a periodic boundary condition is applied in each direction. As shown in Fig. 4 , an isolated SWCNT is 60 Å in length with (5, 5) chirality. Both its ends are fixed, and its next two layers work to control its temperature. Before coating it with a metal, this carbon nanotube is annealed at 300 K by the velocity scaling technique. The molecules of the coating metal are modeled as Fig. 3 . Cluster configuration onto the flat CNT surface. The center of gravity of each cluster is above the center of the carbon nanotube or its hollow site. To express continuous deposition, some clusters are placed at distances of 10 Å vertically.
M 13 clusters. This is representative of actual experiments, because in the conventional metal evaporation process, the average metal particle is roughly a few angstroms in diameter. The metal clusters are also fully annealed at 1200-1400 K, which clearly is higher than their melting temperature but lower than their boiling temperature. Based on the potential parameters, the melting temperature in the bulk form is approximately 1800-2000 K. However, in this study, the metal clusters are too small to exhibit bulk properties. In order to achieve a continuous metal evaporation coating, the fully annealed metal clusters are distributed at appropriate distances (15-20 Å) and collided with the carbon nanotube at low evaporation energies of 10 meV or 30 meV. This deposition energy is comparable to the experimental condition, because in the e-beam experiment, the electrons are accelerated by 5-10 keV. 
Results and discussion
Physical vapor deposition
The initial configuration of the metal clusters is described above and shown in Fig. 3 . Each cluster is placed immediately above the carbon nanotube, or its hollow site, to implement various collision models. In order to model continuous deposition, the clusters are placed at intervals of 10 Å. Figure 5 shows the result of PVD on a VA-SWCNT surface. In both cases, some of the metal clusters collided with each other to form a larger cluster before reaching the surface, while others arrived without clustering. In the case of nickel deposition, the deposited nickel atoms spread over the VA-SWCNT and formed a smooth surface, irrespective of earlier clustering. However, in the case of gold deposition, the smaller clusters of gold were able to spread over the VA-SWCNT surface, but the larger clusters were unable to spread and instead formed a granular structure. Comparing the potential curves of these metals, the equilibrium bond length appears slightly different, but the binding energy appears nearly identical. The potential depth at which they differ most is that at which their coordination number is unity. The potential depth of gold suddenly decreases as the coordination number increases. This may explain the formation of the granular structure, because the contact angle is closely related to wettability, which is well explained by solid-liquid affinity (ε sl /ε l ) (21) . According to their results, the contact angle tends to increase as the solid-liquid affinity decreases. In the condensed phase the coordination number should be larger, so the affinity of gold should decrease in comparison to that of nickel. The electron configuration of an isolated gold atom is [4f14, 5d10, 6s1] and that of a nickel atom is [3d8, 4s2]. Therefore, the number of electrons that greatly contribute to binding should presumably be one for gold but more than two for nickel. The order of energy levels is 6s, 4f, and 5d, but there is not much separation and sometimes this order can be reversed by forming a closed shell. In the case of gold, the 4f orbital and 5d orbital are closed shells already; therefore, only a single electron is unpaired. Thus, the gold atoms have a strong binding energy in the form of a dimmer. Conversely, the nickel atoms have some free electrons; therefore, their binding energy is less than that of the gold atoms. Compared to nickel deposition, gold deposition may require more stringent conditions to produce a flat surface. However, this can be achieved by carrying out deposition under a high vacuum condition and with a low deposition rate. Because only small clusters of gold can spread over the VA-SWCNT surface, it is essential to avoid clustering that occurs by colliding before reaching the surface. Figure 6 shows the simulation results of continuous metal evaporation coating for (a) Ti, (b) Fe, (c) Ni, and (d) Au. In this simulation, 24 M 13 clusters were gently collided with one SWCNT. To shorten the calculation duration, the pressure assumed in this study was much higher than that encountered under practical conditions. Hence, the annealing process was carefully monitored to ensure that clusters did not follow each other in a too rapid succession that might result in some unexpected condition. The impact direction was perpendicular to the axis of the carbon nanotube, and at each impact point, about four clusters collided simultaneously. In the case of titanium or iron clusters (Figs. 6(a), 6(b) ), the metal atoms seemed to firmly combine with the carbon atoms. In fact, the metal atoms entered the carbon nanotube, and their strong interaction with the carbon atoms caused a structural deformation of the nanotube. Moreover, the continual impacts that reduced the calculation load (10 ps/layer versus 1-250 ms/layer in typical experiments) also resulted in unrealistic phenomena. In the case of nickel clusters (Fig. 6(c) ), the nickel atoms smoothly and seamlessly covered the carbon nanotube. The equilibrium position of the nickel atoms coincided with the center of the hexagonal carbon network. When the first nickel cluster collided with the carbon nanotube, a granular structure was temporarily formed. However, the nickel atoms immediately found a stable position and moved into it. Once they reached their equilibrium position, they remained stationary at this temperature. When the second nickel cluster reached the surface, the nickel atoms instantly acquired a granular structure and then moved into the most stable sites. When all the clusters had reached the surface, the equilibrium positions on the carbon network were saturated, and consequently, the nickel clusters had formed a second metal layer on the carbon nanotube. Even at this stage, the nickel atoms did not form a granular structure but rather formed a smooth and seamless layer. Figure 6 (d) shows the result of coating for gold clusters. According to Zhang et al., gold atoms form a highly discontinuous coating with a granular structure. According to our simulation, however, gold atoms can be deposited smoothly but discontinuously. The gold atoms initially formed a granular structure, as reported by Zhang et al., but this was because the gold clusters were accidentally concentrated in the same area on the carbon nanotube. This indicates that if the evaporation rate is decreased or the experiment is conducted under a higher vacuum condition, the formation of a granular structure can be avoided. Zhang et al. explained this result in terms of the weak interaction between the gold atoms and the SWCNT. However, according to our DFT calculations, the binding energy of the Au-C bond is slightly larger than that of the Au-Au bond. The actual value of either binding energy is not considered to be significant; however, the ratio of the binding energies (i.e., ε M-C / ε M-M ) should ideally be substantial. Because each atom has many coordination numbers under the relevant conditions, the approximate values of this ratio for titanium, iron, nickel, and gold are 2, 3, 1.5, and 1, respectively. Thus, in the case of titanium or iron coating, the carbon atoms experience an outward pull and the nanotube structure is deformed. In the case of nickel, a very smooth coating is obtained. On the other hand, in the case of gold, even though the Au-C interaction is slightly stronger than the Au-Au interaction, a granular structure is formed. In some areas, the gold atoms are deposited smoothly but not seamlessly. The reason for this phenomenon is associated with the equilibrium bond length. As mentioned above, the most stable site for the first layer of metal atoms is the center of Fig. 6 . Continuous metal evaporation. Blue is metal atom, green is carbon atom with three bonds (sp2), orange is carbon atom with two bonds (one dangling bond), and red is carbon atom with one bond (two dangling bonds). the hexagonal carbon network, which has a diameter of 2.5 Å. Coincidently, the equilibrium bond length of nickel or iron is comparable, however, that of gold is slightly greater (2.6-3.3 Å, depending on the coordination number). The gold atoms require a shorter bond length so that they can get accommodated by the stable sites of the carbon nanotube, thereby creating a discontinuous coating that reduces the distortion energy. Thus, even gold atoms can be deposited smoothly, provided the distances between them are sufficient to reduce the distortion for each fragment of coating. (In our simulation, each fragment of coating is approximately 10-15 nm in length). Owing to the strong C-Ti and C-Fe interactions, the structure of the carbon nanotube was apparently distorted by the high coating rate in our simulation. In order to confirm this, a lower coating rate was applied and the results were examined. In this case, each M 13 cluster collides with the center of the carbon nanotube in a sequence. For complete annealing, this sequential impact needs a sufficiently large interval. Figure 7 shows the sequential impact of the metal clusters on the carbon nanotube. A sufficient duration for each impact step results in a coating that is smooth and continuous, with no defects observed in the carbon nanotube. Similar to the nickel atom, the iron atom finds a stable position and moves into it. However, in this simulation, because each cluster reaches almost the same position, the iron atoms do not spread all over the surface but instead form a second layer. This can occur in the nickel system, as well. When too many clusters arrive at the same point, each atom seeks the stable site and tends to move into it; however, the temperature is reduced before diffusion is completed. As a result, the iron atoms form a second layer. A similar behavior is observed for titanium coating, as shown in Fig. 7(b) . However, in the case of titanium clusters, when the impact energy is small, a different phenomenon is observed. In our simulation, the first three clusters were able to reach the surface, even at a low evaporation energy; however, the next cluster was not able to reach the surface. This can be attributed to the difference in the equilibrium bond lengths. According to Eq. 6, if the number of coordinates is sufficient, the equilibrium bond length must equal R e1 for the metal-metal potential, while the metal-carbon equilibrium bond length is simply determined as a function of R e (Table 1) . A comparison reveals that the difference in this value is larger for the titanium coating system than for the iron coating system. This is because, when there is already a titanium layer on the carbon nanotube, a cluster with small impact energy cannot overcome the repulsive force. Thus, the cluster is reflected before it can be attracted by the carbon atoms. This proves that at high evaporation energy (e.g., 1 eV), the titanium clusters can arrive at the surface and produce a smooth coating. Moreover, this result indicates the presence of a reaction barrier. In this simulation, we did not intentionally apply the reaction barrier that is generally applied when using the LJ potential between clusters and an SWCNT, because the energy barrier has not been cleared at the moment. However, because we employed the many-body potential for metal-metal and metal-carbon interactions, taking into account the coordination number, a reaction barrier can be observed in some cases, depending on the cluster environment. In the case of gold coating, as shown in Fig. 6 (c), the first cluster was able to spread over the surface; however, the second and the third clusters were not able to spread over the surface and therefore formed a granular structure. This indicates that if gold clusters reach the same place, as in the experiment with a high deposition rate, granular formation is unavoidable, as can be inferred from Fig. 7(d) .
Metal coating on SWCNT
As mentioned in the section above, the contact angle is closely related to wettability, which is well explained by solid-liquid affinity (ε sl /ε l ). According to their results, the contact angle tends to increase as the solid-liquid affinity decreases, indicating that the gold clusters tend to form a granular structure. Through these simulations, atomic deposition and surface migration were evident; however, spattering phenomena and infusion were not confirmed, so the evaporation energy used in this simulation is considered to be quite appropriate. Figure 8 shows the stress-strain (force-strain) curves of the coated and the uncoated SWCNTs. In this simulation, one end of the SWCNT was fixed while the other end was pulled slowly enough to permit annealing and prevent unintentional breaking of SWCNT. A sufficient relaxation time of 10 ps for each stretch of 0.1 Å was estimated from the vibrational decay. Owing to the disturbance of the perfect sp 2 bonding in the SWCNT, it might well be expected to become much weaker. However, its physical strength is not greatly reduced, or rather, the force constant becomes larger. Rupture is induced by metal atoms that tend to steal the bonds from the carbon. Because the bond length of carbon-metal is longer than that of carbon-carbon, the interaction between the carbon atoms suddenly becomes weaker than that of carbon with metal when the SWCNT is pulled. With respect to reproducibility, because the yield stress of the functionalized SWCNT has not been reported, it is difficult to confirm its accuracy. However, the equilibrium position of the metal is the center of the hexagonal carbon network, which is quite symmetric. This condition is similar to that of deriving the bond energy by using DFT calculations, thus we consider the result to be qualitatively correct. On the other hand, with regard to the quantitative accuracy, the yield stress and Young's modulus derived from the Brenner potential can vary by several times (22, 23) .. Figure 9 shows the thermal diffusivities of coated and uncoated SWCNTs. The thermal diffusivity is obtained by fitting the following one-dimensional non-Fourier heat conduction equation with two relaxation timescales (τ 1 , τ 2 ):
Physical properties of functionalized SWCNT
The dominant heat carrier in the SWCNT is the phonon, and this model is fully described in the literature (24) . As shown in Fig. 9 , the thermal conductivity is drastically decreased by coating with nickel atoms. It is well known that when the phonon mean free path (25) is long enough in comparison with the length of the SWCNT, the heat conduction exhibits ballistic behavior. Therefore, a dependence on size was expected only for an uncoated SWCNT of smaller length. However, in this simulation, the size effect is still exhibited. This indicates that even for the metal-coated SWCNT, the phonon mean free path is longer than the calculated range. Thus, the reduction in thermal conductivity is α. It depends on the definition of the density and specific heat capacity (C v ) of the SWCNTs is assumed to be 3R, where R is a gas constant.
presumably due to phonon dispersion. Finally, the thermal conductivity of the bare SWCNT is found similar to that given in the paper mentioned above and is required to reproduce the experimental value to calculate a greater length. However, the result for the functionalized SWCNT is one greatly worth having. Although this phenomenon is derived from newly built potential parameters, the condition of the equilibrium structure is quite similar to the condition of deriving the parameters, so that it is considered appropriate. Because at present there are no similar reports, further experimental and numerical studies will make matters clearer.
Conclusion
In this paper, the MD approach for CNT analysis was explained. The classical MD merely solves the Newtonian equation; however, if the potential function is fully appropriate, the results must be credible. In the case of PVD and coating, the simulation showed good agreement with the experimental results and the deposition mechanism became clear. In the case of a metal-coated SWCNT, the physical strength was comparable with that of the uncoated SWCNT; however, its thermal conductivity decreased drastically. In this study, the size effect of thermal conductivity was not shown, even for a metal-coated SWCNT, which indicates that the reduction in thermal conductivity is not caused by phonon dispersion.
